Abstract Sorghum [Sorghum bicolor (L.) Moench] is valued for bioenergy, feed and food. Potential of sorghum genotypes to support differing populations of root-and soil-associated fluorescent Pseudomonas spp. or Fusarium spp., in two soils, was assessed. Culturable pseudomonads were enumerated from roots and soil of sorghum (Redlan and RTx433) and wheat (Lewjain) seedlings repeatedly grown in cycled soils in the growth chamber. Pseudomonads and Fusarium spp. were assessed from roots and soil of field-grown sorghum along with biological control traits hydrogen cyanide (HCN) and 2,4-diacetylphlorogluconol (phl) production. After four 4-week cycles, soil associated with Redlan seedlings had greater numbers of fluorescent pseudomonads than Lewjain. In dryland field conditions, RTx433 roots had greater numbers of pseudomonads than Redlan before anthesis but similar numbers after. There were no differences in numbers of pseudomonads from dryland soil or roots or soil of irrigated plants. Percentages of HCN-producing root isolates and phl soil isolates declined on irrigated Redlan plants, but percentages of HCN-producers increased in dryland conditions. Redlan roots had greater percentages of Fusarium isolates in the Gibberella fujikuroi complex. Results indicated that sorghum genotype affected rootassociated populations of fluorescent Pseudomonas spp. and Fusarium spp. across soil environments.
Introduction
Sorghum is the second most important US grain crop for animal feed, by acreage, and is gaining attention for its usability as feedstock for biofuel production (Sarath et al. 2008) . Worldwide, sorghum is the fifth most commonly grown cereal, is gluten-free, and provides nutrients and protective phytochemicals unique among grasses (Awika and Rooney 2004; Rai et al. 1999 ). This C 4 crop is drought and heat tolerant, and therefore can be grown in marginal areas and is commonly included in intercropping and rotation cropping systems (Dhuyvetter et al. 1996; Sarath et al. 2008; Smith and Frederiksen 2000) . Improved cultivars and the ability to generate hybrids have resulted in increased yields, even under dryland and subsistence farming conditions (Rai et al. 1999) . Because of the value of sorghum for bioenergy feed stock, animal feed and a food staple in cultures worldwide, it is important to identify practical and low cost methods for prevention and control of diseases.
The use of plant genotype has been proposed as a means to increase populations of plant growth promoting rhizobacteria or microorganisms antagonistic to soil-borne pathogens (Cook 2007; . Cultivar selection was one method included in cultural control of the devastating wheat disease, takeall (Cook 2007) . It was demonstrated that at least one wheat cultivar, Lewjain, had the ability to support large numbers of fluorescent Pseudomonas spp. that produced 2,4-diacetylphloroglucinol (2,4-DAPG), a compound that can suppress infection by some Gaeumannomyces graminis var tritici isolates capable of causing take-all on wheat seedlings in growth chamber bioassays (Mazzola et al. 1995 (Mazzola et al. , 2004 . These reports indicate that careful selection of plant genotype may provide protection against fungal diseases by way of enhancing populations of beneficial rhizobacteria (Mazzola et al. 2004) .
Pseudomonas fluorescens isolated from native soils had been shown to increase field emergence of seedlings when applied to sorghum grain infected with Fusarium moniliforme (Raju et al. 1999) . Additionally, seed treatment with a soil isolate of Pseudomonas chlororaphis reduced the sorghum stalk disease charcoal rot, caused by the fungus Macrophomina phaseolina, as well as incidences of lodging (Das et al. 2008) . Fusarium spp., including several species within the Gibberella fujikuroi species complex (also known as F. moniliforme) have been reported to cause root and stalk diseases of sorghum (Idris et al. 2007; Petrovic et al. 2009; Tesso et al. 2005) . Thus, our interests included examining sorghum genotypes for modification of root and soil populations of potentially beneficial and pathogenic microorganisms.
Outside of wheat, there has been little research examining genotype-specific root associations between grasses and fluorescent Pseudomonas spp. One study suggested that maize hybrids exhibit greater ability to select for "elite" Pseudomonas spp.
(as determined by 2,4-DAPG-production and potential for greater root colonization) than parental cultivars (Picard and Bosco 2006) . Recently, we provided evidence suggesting that when sorghum seedlings preceded wheat seedlings in a crop sequence, sorghum genotype influenced the characteristics of fluorescent Pseudomonas spp. populations in bulk soil (Funnell-Harris et al. 2008) . That root exudates of sorghum genotypes Redlan and RTx433 differed had been shown by studies in which seedlings differentially produced the benzoquinone root exudate, sorgoleone: of 25 genotypes tested, Redlan produced the greatest amount while RTx433 produced the least (approx. 18 versus 1 mg per g root fresh weight) (Nimbal et al. 1996) . Although this compound is technically challenging to detect in rhizospheres of soil-grown plants (Weidenhamer 2005) , previous studies have suggested that genotypespecific differences in sorghum root exudates may affect soil microbial communities (Kipe-Nolt et al. 1985; Funnell-Harris et al. 2008) . The turnover of applied sorgoleone to native soils indicated that microorganisms utilize this compound as an energy source, which suggests a possible mechanism of how sorgoleone may influence soil microbial communities (Gimsing et al. 2009 ).
Because sorgoleone is potentially allelopathic, differences in sorgoleone levels among sorghum genotypes may affect growth of plants in cropping systems (Einhellig and Souza 1992; Roth et al. 2000) . During cycling of seedlings in growth chamber bioassays, wheat cultivar Lewjain preceded or succeeded cycling of sorghum genotypes RTx433 and Redlan, and changes in characteristics of fluorescent Pseudomonas spp. were monitored in soils at the end of each cycle (Funnell-Harris et al. 2008) . Traits potentially involved in biological control, including 2,4-DAPG, indirectly detected by PCR amplification of phlD gene (phl), and hydrogen cyanide production (HCN), detected by a colorimetric assay, were assessed (Funnell-Harris et al. 2008; Raaijmakers et al. 1997 ). This study indicated that percentage of Pseudomonas isolates producing HCN increased through cycling of seedlings while those with phl declined except for those associated with soil planted with Redlan, in which an increase in percent of isolates with this trait was observed (Funnell-Harris et al. 2008 ).
Herein we examined the effect of sorghum genotypes on populations of root-associated and soil fluorescent Pseudomonas spp., Fusarium spp., and another fungal genus, Alternaria, which also includes species pathogenic to sorghum (Waniska et al. 2001) . No reports of numbers or characteristics of fluorescent Pseudomonas spp. in rhizospheres of differing sorghum genotypes, grown in different soils, are presently known. Previously, there have not been any reports monitoring potential fungal pathogens of field-grown sorghum throughout the growing season. Total culturable bacteria and fungi, and fluorescent Pseudomonas spp., were enumerated from roots, which included rhizosphere soil, and bulk soil of seedlings of sorghum genotypes Redlan and RTx433 and wheat cv. Lewjain, which served as the positive control for phl. Soils obtained from two locations (Lincoln and Ithaca, NE) were planted under these controlled conditions. The same sorghum genotypes also were planted at fields in Lincoln, which were dryland, and Ithaca, which were irrigated; comparison of results from growth chamber seedlings and fieldgrown plants could indicate differences potentially due to soil characteristics or environmental effects. Field-grown plants were assessed throughout the growing season for root-associated and soil microorganisms, including fluorescent Pseudomonas spp. and Fusarium and Alternaria spp.
Materials and methods

Bacterial sources and culture
Pseudomonas fluorescens isolate Q2-87 (Bangera and Thomashow 1999) was obtained from M. Mazzola (USDA-ARS, Wenatchee, WA) and isolate 2-79 (Mavrodi et al. 1998 ) was obtained from L. Thomashow (USDA-ARS, Pullman). P. fluorescens isolate NRRL B-23932 (also known as "Pf-5") was obtained from USDA-ARS, National Center for Agricultural Utilization Research (NCAUR), Peoria, IL. Bacterial isolates were maintained in culture on Kings B (KB) agar (Cowan 1974) and stored at −80°C in 44% nutrient broth, 0.8% yeast extract [Becton, Dickinson and Co. (BD) , Sparks, MO USA], 0.2% glucose and 45% glycerol.
Media for enumeration of microorganisms
For preparation of media and dilution suspensions, distilled water was purified using a four filter (one carbon and three deionizing) general chemistry polishing system and a hollow fiber final filter with 0.2 μm pore size to remove bacteria (Labconco, Kansas City, MO). Total culturable bacterial colony forming units (cfu) per gram of soil or root samples was determined by plating suspensions of each onto one-tenth strength tryptic soy agar [TSA; prepared with tryptic soy broth (BD)]. Fluorescent Pseudomonas spp. were isolated by plating soil or root suspensions onto KB agar amended with ampicillin (100 μg ml −1 ), cycloheximide (100 μg ml −1 ) and chloramphenicol (13 μg ml −1 ) (KB + ; Simon and Ridge 1974) . Following examination under ultraviolet light, fluorescing colonies were transferred to KB agar and, after growth of colonies, fluorescence was confirmed.
To estimate total culturable fungal and oomycete cfu per gram of soil or root samples, suspensions were plated onto one-fifth strength potato dextrose agar [PDA; prepared with potato dextrose broth (BD)] amended with 0.04% Triton X-100 (Calbiochem, EMD Biosciences, San Diego) and 50 mg l −1 ampicillin. Two semi-selective peptone agar media were used to estimate numbers of Fusarium and Alternaria spp. Dichloran chloramphenicol peptone agar (DCPA) was amended with the fungicide dichloran and chloramphenicol and was semi-selective for Fusarium and Alternaria and other dark-spored hyphomycetes (Andrews and Pitt 1986) . PCNB, semi-selective for Fusarium spp., was amended with the fungicide pentachloronitrobenzene (added in its commercial formulation, "Terrachlor," Uniroyal Co., Middlebury, CT) and streptomycin (Nash and Snyder 1962) . In previous studies, Alternaria spp. were recovered at a much reduced rate, or not all from, from grain or leaf samples plated onto PCNB medium as compared with DCPA (Funnell and Pedersen 2006 In our experience, greenhouse-grown sorghum seeds have very low levels of endophytic fungi (less than 0.2%). Seeds of wheat cultivar Lewjain (Triticum aestivum L.) were obtained from K. Garland-Campbell (USDA-ARS, Pullman, WA). For preparation of pots and planting of seeds, workers wore gloves. Prior to planting, soil was assessed for total numbers of culturable bacteria and fungi and oomycetes, and numbers of fluorescent Pseudomonas spp. per gram of soil using dilution plating of soil suspensions (see below). Four cycles (labeled 1, 2, 3 and 4) were conducted for each experiment. For cycle 1, soil was distributed into pots and seeds of either wheat cultivar Lewjain or of sorghum genotypes Redlan or RTx433 were sown onto the soil surface and covered with soil then vermiculite. Twenty-eight pots of wheat and of each sorghum genotype were planted and rows of seven pots were alternated by plant genotype. Each pot was watered with 10 to 15 ml of sterilized one-third strength Hoagland's solution lacking minerals prepared with filterpurified water. Plants were watered three times per week with 10 to 15 ml sterile filter-purified water, which prevented additional inputs of salts, minerals and microorganisms. After germination, seedlings were culled to one plant per pot and maintained in a growth chamber at 22°C with 12 h light. Plants were grown for 4 weeks under these conditions (Landa et al. 2003; Mazzola et al. 2004; , as it has been our experience that most grain sorghum genotypes tested have been able to grow without obvious stress in the confined quarters of Conetainers™ for up to approx. 4 weeks. After 4 weeks, seven randomly chosen plants of wheat and of each sorghum genotype were analyzed for fresh weight of aerial parts and for root and soil populations of microorganisms. For each plant, total fresh weight of stalk and leaves removed at soil level was determined. To obtain root sample, soil was carefully removed from the root system except that which was tightly adhering. The total fresh weight of roots plus rhizosphere soil from each plant was recorded for cycle 1. Using surface-sterilized scissors, roots were snipped into approx. 1 cm lengths. One root sample, up to 1 g, for each plant, was prepared. Root samples likely included rhizosphere, rhizoplane and endophytic microorganisms (Compant et al. 2010) . Number of fluorescent Pseudomonas spp. cfu per gram for each root sample was determined by suspending the sample in sterile purified water, performing dilutions, then plating three aliquots of each dilution onto KB + agar. Soil that had been easily removed from the root system, as well as any remaining soil from the pot, was combined, and two approx. 1 g samples were prepared. Each soil sample was suspended in sterile purified water. Dilutions were performed then plated onto TSA for determination of total bacteria, PDA for enumeration of total fungi and oomycetes and KB + for determination of numbers of fluorescent Pseudomonas spp. Root and soil suspensions prepared from a plant were transferred to agar media at the same time and, generally, all plants were processed on the same day.
On the same or the following day, the next cycle was planted by using soil in the remaining pots. Above-ground plant parts were removed. Soils from each plant of the same genotype were combined in a surface-sterilized tub and the root masses were gently broken apart and distributed throughout the soil, which was returned to the same pots. This was repeated for each plant genotype. Pots were replanted with the same species or genotype as in the previous cycle. Planting and maintenance of plants, and analyses of plants and soil, were as described in the previous paragraph. This was continued until cycle 4 was completed. The experiment was conducted twice using soil from each location (Lincoln or Ithaca). Treatments were roots or soil for each plant genotype. Individual plants served as repetitions within an experiment and each experiment was considered a block.
Experimental design and analyses
The growth chamber study was analyzed as two experiments, one using soil collected at Lincoln and one using soil collected at Ithaca using the PROC MIXED procedure of SAS (SAS, 2000 (SAS, -2004 . Cycle (1, 2, 3, 4), genotype (Lewjain, Redlan, RTx433), and their interaction were considered fixed effects in the MODEL. Each experiment was a 4× 3 factorial conducted in a randomized complete block with two replications. Within each replication, dependent variable response was measured in seven individual pots. CLASS variables were therefore replication, genotype, cycle, and pot. RANDOM effects were genotype, replication, genotype × replication, cycle × replication, and pot within replication. For microorganism counts, the Shapior-Wilk test for normality (SAS, 2000 (SAS, -2004 indicated that data were not normally distributed. These data were therefore transformed to log10 for analyses (Zuberer, 1994 ). Levene's homogeniety of variance (HoV) tests were conducted for each class variable, which indicated heterogeneity in covariance structure of some class variables. Based on those results, the REPEATED/ GROUP option of Proc Mixed (SAS, 2000 (SAS, -2004 was used to specify those structures as appropriate. Least square means, their standard errors, and probabilities of significant differences were calculated using the statement LSMEANS GENOTYPE|CY-CLE/DIFF. For ease to the reader, LSMs were backtransformed to decimal numbers when reported in the text and tables.
Sorghum field experiment
The field study was planted at UNL, Lincoln and (2000). In soybean fields at both locations, glyphosate-resistant soybeans were planted since at least 2000 and glyphosate, a lowpersistence herbicide (Reddy 2001) , was applied at the rate of 2.25 l ha
. In 2006 at Ithaca, the preemergent herbicide, Canopy®, a formulation of chlorimuron ethyl (2-(((((4-chloro-6-methoxypyrimidin-2-yl) amino) carbonyl) amino) sulfonyl) benzoate) and tribenuron methyl (methyl 2-((((4-methoxy-6-methyl-1,3-5-triazin-2-yl) methylaminol) carbonyl) amino) sulfonyl) benzoate, also was applied at a rate of 275 g ha Immediately before planting, soil was collected as previously described and numbers of culturable fungi and oomycetes, fungi resulting from selection on DCPA, fungi resulting from selection on PCNB, total numbers of culturable bacteria and numbers of fluorescent Pseudomonas spp. per gram of soil were assessed from four approximately one gram samples using dilution plating. The sorghum genotypes Redlan and RTx433 were planted at UNL, Lincoln and Ithaca, in three row plots, four replicate plots per location. Plots consisted of three 7.6 m rows spaced 76 cm apart. Ithaca was equipped with a center pivot irrigation system and plots received irrigation water. Two plants, including field soil within the root system, were removed from each three-row plot and brought to the laboratory (Table 1) at approximately 1 month intervals for 4 months (time points). Plants were taken from within the interior of the center row, were non-adjacent, and were surrounded by other plants of the same genotype. Once in the laboratory, the loose soil was removed from the roots by gentle shaking and stored in plastic bags at 4°C until processing. Roots were processed immediately and soil was processed within 32 h of collection. Approximately 1 cm long pieces were cut from throughout the root system then two approx.1 g samples were assembled from random pieces. The root samples would have likely included rhizosphere, rhizoplane and endophytic microorganisms (Compant et al. 2010) . For each plant, soil from within the root system, including soil that was gently shaken from roots, was mixed and two 1 g soil samples were assembled. A dilution series was prepared with each sample and plated onto TSA and KB + agar for bacteria and onto PDA, DCPA and PCNB agar for fungi and oomycetes. Plates were incubated at room temperature (approx. 23°C) and microorganisms were enumerated two to five days following plating. At each time point, single colonies of fluorescent Pseudomonas spp. were transferred from KB + plates to KB agar and confirmed for fluorescence. At time points 3 and 4 in 2004, and all four time points in 2005, single fungal colonies growing on DCPA and PCNB plates were transferred to one-half strength PDA.
Characterization of fluorescent Pseudomonas spp. and fungi Collection and confirmation of fluorescent Pseudomonas spp. was as described above (de Souza et al. 2002; Landa et al. 2002; Mazzola et al. 2004; Wang et al. 2001) . Putative Pseudomonas isolates were transferred from KB + dilution root and soil suspension plates, and onto KB plates. For many treatments, all fluorescent Pseudomonas isolates on dilution plates were collected. For a few plant samples, there was abundance of isolates and, therefore, up to 12 randomly chosen colonies from countable plates of each treatment were collected. Over 300 root and 400 soil isolates, confirmed for fluorescence, were characterized for extracellular protease and HCN production and for the presence of genes in the phl and phenazine-1-carboxylic acid (PCA) loci. Extracellular protease activity was determined on 2% skim milk agar (BD). Production of HCN was indicated by a modification of a colorimetric agar plate method (Castric and Castric 1983) as previously described (Funnell-Harris et al. 2008) . To detect the presence of phl, PCR amplification of phlD was conducted (Bangera and Thomashow 1999) while the presence of PCA was detected using primer sequences from within the phzC and phzD genes (Mavrodi et al. 1998; Raaijmakers et al. 1997) . DNAs from individual bacterial isolates were prepared and diluted as previously described (Mazzola and Gu 2002) . Amplifications were conducted using primers Phl2a and Phl2b for phl and PCA2a and PCA3b for PCA a Anthesis was defined as approximately half the anthers were exerted. "dap" indicated "days after planting" (Raaijmakers et al. 1997 Raaijmakers et al. 1997 ). Amplifications were conducted on a Gene Amp® PCR System 9700 (AB). Conditions for amplifying phl (Funnell-Harris et al. 2008) and PCA (Raaijmakers et al. 1997) were as previously reported. DNA templates extracted from isolates Q2-87 and 2-79 served as positive controls for phl and PCA, respectively (Bangera and Thomashow 1999; Mavrodi et al. 1998) . Amplification products were size-fractionated by electrophoresis on 1% agarose gels, then visualized by treatment with ethidium bromide solution (Bio-Rad, Laboratories, Inc., Hercules, CA). Five to twenty fungal isolates were chosen at random from each set of DCPA and PCNB media plates from time points 3 and 4 at both locations during 2004 and all time-points at both locations during 2005. Isolates were transferred to one-half-strength PDA and identified morphologically as previously described (Funnell and Pedersen 2006) . Fungi similar to Alternaria spp. were transferred to 2% water agar by point inoculation; conidiophores and conidia were induced to form by placing approximately 1 cm 2 sterilized filter paper (Whatman #1, Whatman International Ltd., Maidstone, England) over the inoculation site. Likewise, to observe formation of conidiophores and conidia of putative Fusarium spp., agar blocks from PDA cultures were transferred to 1.5% agar containing 80 mM potassium chloride. On the basis of colony morphologies and morphologies of conidiophores and conidia, fungi were identified as Alternaria spp., members of Gibberella fujikuroi species complex, other Fusarium spp., or other fungi. Species in G. fujikuroi that commonly infect sorghum include Fusarium thapsinum Klittich, Leslie, Nelson et (Nelson et al. 1983 ).
Statistical analyses
The field study was analyzed as two experiments, one conducted at Lincoln and one at Ithaca, using the PROC MIXED procedure of SAS (SAS 2000 (SAS -2004 . Time point (1, 2, 3, 4) , genotype (Redlan, RTx433), and their interaction were considered fixed effects in the MODEL. Each experiment was a 4×2 factorial conducted in a randomized complete block with four replications in each of 2 years (2004 and 2005) . Within each replication, dependent variable response was measured on two individual plants and associated soil. CLASS variables were therefore year, replication, genotype, time point, and plant. RANDOM effects were year, replication (year), replication × genotype, replication × time point, and plant (replication). The Shapior-Wilk test for normality (SAS 2000 (SAS -2004 indicated that data were not normally distributed. Data were therefore transformed to log10 for analyses (Zuberer 1994 ). Levene's homogeniety of variance (HoV) tests were conducted for each class variable, which indicated heterogeneity in covariance structure of some class variables. Based on those results, the REPEATED/GROUP option of Proc Mixed (SAS 2000 (SAS -2004 was used to specify those structures as appropriate. Because of relatively small sample size, the Kenward-Roger (KR) option was specified for degrees of freedom for these experiments. Least square means, their standard errors, and probabilities of significant differences were calculated using the statement LSMEANS GENO-TYPE|TIMEPOINT/DIFF. For ease to the reader, LSMs were back-transformed to decimal numbers when reported in the text and tables.
Results
Mean seedling weights and numbers of microorganisms during cycling of wheat and sorghum seedlings.
Seedling weights In general, mean total fresh weight (g) of stalks and leaves of wheat and sorghum seedlings increased after cycle 1 but stabilized or somewhat declined in cycle 4 (Fig. 1) . For Lincoln soil (Fig. 1a) , mean weights of seedlings were significantly different for plant genotype (P=0.02), cycle (P=0.03) and genotype × cycle interactions (P<0.01). Effects of genotype × cycle interactions were significant (P=0.01) for mean weights of plants cycled in Ithaca soil (Fig. 1b) .
Weights of roots with rhizosphere soil for cycle 1 also were analyzed; effects of soil were significant (P=0.05). Weights from seedlings grown in Lincoln soil were significantly different (P<0.01) for Lewjain (0.36 g±0.04) versus either Redlan (0.53 g±0.5) or RTx433 (0.50 g±0.04). These differences were not apparent between seedling genotypes grown in Ithaca soil (mean seedling weight 0.69 g±0.04; P≥0.35).
Numbers of fluorescent Pseudomonas spp. associated with roots and soil Numbers of fluorescent Pseudomonas spp. in Lincoln soil (cfu per gram) prior to planting were not significantly different from those after cycle 1 ( Fig. 2a; (Fig. 2b) . Effects of genotype × cycle interactions were significant for mean numbers of fluorescent Pseudomonas spp. on roots or in soil throughout cycling (Table 2) . By cycle 4, numbers of isolates in both soils were greater when planted with Redlan than with Lewjain (from approx. five to ten fold greater). Numbers of soil isolates were similar between the three plants until the third (Lincoln) or fourth (Lincoln and Ithaca) cycle (Fig. 2a, b) . Ithaca soil planted with RTx433 seedlings resulted in a significant increase in numbers of fluorescent Pseudomonas spp. both on roots and in soil (P=0.01) (Fig. 2b, d ) but on Lewjain roots, numbers declined significantly (P=0.02) (Fig. 2d) . Significant increases or decreases in numbers of Pseudomonas spp. were not observed when cycling was conducted in Lincoln soil. These results suggest differences in root and soil colonization by fluorescent Pseudomonas spp. attributable to sorghum genotype or plant species, but also an influence of soil characteristics.
Total culturable bacteria and fungi and oomycetes in soil When numbers of microorganisms in Lincoln soil were compared prior to planting and after cycle 1, there were essentially no changes. In Ithaca soil, changes in numbers of culturable fungi and oomycetes declined for all three genotypes from approx. 1.38×10 5 cfu per gram soil prior to planting to as low as 3.24×10 4 cfu per gram soil after planting of Redlan (P<0.01). There were no changes in numbers of culturable bacteria in Ithaca soil.
During cycling, effects of cycle were significant for numbers of culturable bacteria per gram of Lincoln soil (Table 2) ; mean numbers of total soil bacteria were significantly greater for Lewjain than for Redlan seedlings during cycles 2, 3 and 4 (P≤ 0.03) ( Table 3 ; cycle 4 is shown). Effects of genotype × cycle interactions also were significant for numbers of culturable bacteria in Ithaca soil, but there were fewer cfu per gram in Lewjain soil than in soil associated with Redlan (cycle 3) or with both sorghum genotypes (cycle 4) ( Table 3) .
Mean numbers of culturable fungi and oomycetes per gram of soil were significantly effected by cycle (Lincoln) and genotype × cycle interactions (Lincoln and Ithaca) ( Table 2) . In Lincoln soil, numbers of fungi and oomycetes increased from cycle 1 to cycle 4 for each plant genotype (P≤0.04) and at cycle 4, Lewjain soil had significantly greater mean numbers of fungi and oomycetes than either sorghum genotype (Table 3) . Results from seedlings planted in Ithaca soil were similar, but were not significantly different (P≥0.06).
Numbers and characteristics of microorganisms associated with two sorghum genotypes grown at two locations for 2 years Numbers of fluorescent Pseudomonas spp. associated with roots and soil In general, there appeared to be a greater effect of genotype on numbers of Pseudomonas spp. in rhizospheres than in plot soils. For roots, effect of location × genotype interactions was significant (P= (Fig. 3b) . Mean numbers of pseudomonads in soils from pre-planting numbers through numbers sampled through the growing season were not significantly different for main effects or their interactions (P≥0.10).
Characteristics of fluorescent Pseudomonas spp. associated with roots and soil Percentages of root and soil fluorescent Pseudomonas spp. with each of four biological control characteristics are shown in 1 month intervals throughout the growing season (see Table 1 for exact dates). An asterisk indicates that within a given time point, mean was significantly greater growing season (Table 4 ; P=0.07). The total percent of soil isolates with extracellular protease activity obtained from Lincoln plots (45.2±14%) was significantly greater than those from Ithaca (22.6±14.0%; P=0.02). Percentages of fluorescent Pseudomonas spp. with phl declined in soil isolates associated with Redlan plants grown at Ithaca (P=0.02) ( Table 4 ). There were no phl isolates detected from Redlan plots at Lincoln while phl isolates were detectable from roots and soil of RTx433 plants at both locations. PCA was detected only in soil isolates collected from Redlan plots at Ithaca.
Numbers of total bacteria and numbers of fungi and oomycetes from roots and soil of field-grown plants as determined by culturing on three media There were no significant effects or interactions for mean numbers of total bacteria associated with roots or soil of RTx433 or Redlan prior to planting and throughout the growing season.
Culturable fungi and oomycetes were enumerated on PDA medium and on two media semi-selective for Alternaria (DCPA) and Fusarium (DCPA and PCNB). Effect of medium was significant (P<0.01). For root isolates, there were significant location × time point effects for all three media (P≤0.01). Mean total numbers of root fungi and oomycetes (cfu per gram) declined when plants were grown at Lincoln, from 3.31×10 5 to 5.89×10 4 for Redlan (P=0.01) and from a HCN indicates production of hydrogen cyanide. Protease indicates production of extracellular protease. phl and PCA indicate presence of genes involved in production of 2,4-DAPG and phenazine-1-carboxylic acid, respectively. Standard errors (SE) for HCNproducing root and soil isolates were 12 and 9, respectively. SEs for protease-producing root and soil isolates were 25 and 23, respectively. SEs for root and soil isolates with phl were 2 and 3, respectively. SEs for soil isolates with PCA were 2. ). Fungal colonies were sub-sampled from DCPA and PCNB plates from time points 3 and 4 from both locations and identified as Alternaria spp., Fusarium spp. in the G. fujikuroi species complex, other Fusarium spp., or other fungi. There was significant difference in percentages of G. fujikuroi isolates from roots of Redlan plants (8.6 %) and RTx433 (3.0%) (SE=3.3; P=0.05), while there were no significant differences in mean percent of this fungal group in soil (RTx433, 6.8%; Redlan, 12.8%; SE=5.0; P=0.18). There were no significant differences between the genotypes for percentages of Alternaria spp., other Fusarium spp, or other fungi.
Changes in percentages of isolates within each fungal group were assessed for 2005. The greatest changes occurred from the first (vegetative) through the third time points (after anthesis; see Table 1 ) and for some fungal groups, were different for the two sorghum genotypes. Significant increases in percent of Alternaria spp. isolated from roots (from 0 to 10%; SE=2.5) and significant decreases in percents of soil Alternaria spp. (from 5 to 0%; SE= 2.5) were observed for Redlan plants (P=0.01); no Alternaria isolates were obtained in root or soil subsamples from RTx433 plants. Decreased percentages of G. fujikuroi isolates to undetectable at the third time point were observed in soil (from 27.5±10.3% at time point 1; P<0.01) of RTx433 plants while percents of fungi other than Fusarium or Alternaria spp. increased significantly for RTx433 plot soil (from 27.5 to 65.0%; SE=16.3; P=0.04). From the third to the fourth time points, percents of root and soil isolates that were G. fujikuroi or other Fusarium spp. stayed approx. the same or increased for both sorghum genotypes, but not significantly so (P≥ 0.19) .
Discussion
Sorghum production often occurs in rotation cropping systems and less so in monoculture (Dhuyvetter et al. 1996; Doggett 1988) . This is in contrast to wellstudied grasses such as wheat or flax, which have been grown in monoculture, in some cases, for considerable duration (Landa et al. 2006 ). In the case of sorghum, it is of interest whether some genotypes induce growth of potentially beneficial or pathogenic microorganisms during periods within the growing season or under environmental stresses in which the plant would be particularly vulnerable (Gaudet and Major 1986; Pratt and Janke 1980) . In this way, it is conceivable to ameliorate or prevent seedling or root and crown diseases, or perhaps systemic infection of grain, by selection of genotype (Idris et al. 2007; Murillo-Williams and Munkvold 2008; Raju et al. 1999) . We tested the hypothesis that sorghum genotype influences the numbers and characteristics of root-and soil-associated fungi and bacteria. We discovered that the two sorghum genotypes used in this study can differentially affect populations and their composition, but soil environment often has strong effects on soil microorganism populations.
In growth chamber assays, numbers of fluorescent Pseudomonas spp. in cycled soil planted with seedlings of sorghum cultivar Redlan were significantly greater than for wheat in cycles 3 or 4 for both soils (Fig. 2a, b) . In root samples, numbers of Pseudomonas spp. increased significantly during cycling of sorghum genotype RTx433 but declined significantly on wheat when seedlings were planted in Ithaca soil; no significant changes were observed in Lincoln soil. Because conditions for all experiments were similar, changes in soil microorganisms appear to be independent of soil type while changes in root populations may be affected by a combination of plant genotype and soil type. Mazzola et al. (2004) observed that numbers of fluorescent Pseudomonas spp. in rhizospheres of wheat cycled in apple orchard soils were influenced by soil properties but trends in population structure appeared to be dependent on the wheat cultivar and independent of soil type. In the present study, it might be argued that changes in numbers of fluorescent Pseudomonas spp. on roots of Lewjain seedlings declined similarly in both soils, but changes in pseudomonad populations on roots of sorghum genotypes grown in different soils did not follow a clear trend (Fig. 2c, d) . Therefore, the ability of a plant to influence root and soil microbial populations despite soil-type may be a characteristic of some, but not all, plant species. In an investigation of rhizosphere metabolite production and enzymatic activity from six plant species grown in four different soils, Bachman and Kinzel (1992) found that these processes in some plant species (Medicago sativus, Raphanus sativus and Amaranthus lividus) were relatively consistent across soils; however, two of the soils appeared to negatively affect one or more processes across all plant species studied. While investigating fluorescent Pseudomonas spp. on flax (Linum usitatissimum (L.)), Latour and associates found that soil influenced composition of rhizosphere populations (Latour et al. 1996) and root colonization by introduced pseudomonads (Latour et al. 1999) .
Redlan and RTx433 seedlings may differentially influence the numbers of culturable microorganisms in rhizospheres and soil. Effect of genotype × cycle interactions were significant for plant wet weight ( Fig. 1) and for nearly all microorganism counts (P≤ 0.01) except for total Lincoln soil bacteria, while effect of cycle was not significant for most measurements. This suggests that plant genotype may have had an influence on response in each cycle. Increasing organic matter, in the form of decaying roots, may have affected plant fresh weight and numbers of root and soil microorganisms through cycling (Meharg et al. 1998; Semenov et al. 1999) . Roots were left in pot-soil, as commonly done in cycling experiments, to increase numbers of rhizosphere microorganisms (Mazzola et al. 1992; Meharg et al. 1998) . Influence of plant genotype may have been simply differences in root biomass between the three plants, or may have been more subtle differences in root architecture or physiology. It was previously shown that 5-day-old seedlings of sorghum cv. Redlan produced relatively large amounts of sorgoleone while genotype RTx433 produced the lowest amount of 25 accessions tested (Nimbal et al. 1996) . This allelopathic compound, when exogenously applied to native soil, was detectable at 4 weeks following application (Czarnota et al. 2001) ; thus there was one known biochemical difference between roots of Redlan and RTx433 seedlings.
In the field study, genotype also may influence culturable root microorganism populations. When monitored throughout the growing season, effect of genotype × location interactions were significant for numbers of fluorescent Pseudomonas spp. and location × genotype × time point interactions were significant for numbers of fungi recovered on PCNB medium, semi-selective for Fusarium spp. That sorghum genotype may influence population numbers in these two groups, by interacting with environment or plant age, is important because these bacterial and fungal genera include species potentially beneficial (Das et al. 2008; Venne et al. 2009 ) or pathogenic (Leslie et al. 2005; Muriithi and Claflin 1997) to sorghum. At Lincoln, numbers of root-associated fluorescent Pseudomonas spp. were greater on RTx433 plants prior to anthesis (time points 1 and 2; Fig. 3 ) while numbers of pseudomonads were significantly greater on Redlan roots at time point 3, just after anthesis, on plants grown at Ithaca. Effect of genotype × location interactions were not significant for numbers of soil microorganisms associated with each genotype. In a previous study focusing on colonization of wheat and maize roots from flowering through harvest, when P. fluorescens strain CHA0-Rif was applied to wheat, rhizosphere populations declined after flowering, but applications to maize resulted in low colonization but then increased at grain maturation through post-harvest (Troxler et al. 1997) ; under certain conditions of environment and soil type, plant physiological stage plays a role in root colonization by microorganisms (Berg and Smalla 2009; Hodge et al. 2009 ).
Significant differences in prevalence of different microbial groups on culture medium can indicate differences in response to plant genotypes (Larkin et al. 1993) . However, if the prevalence of different microbial groups is not significantly different on different plants, then prevalence of specific genotypes within a microbial group can be significantly different than microbial genotypes found on another plant (e. g. microbial diversity) (Garbeva et al. 2008) . Cultureindependent methods that use DNAs extracted from environmental samples then analyzed for genotypic differences include denaturing gradient gel electrophoresis, quantitative PCR, most probable number PCR and metagenomics (Bergsma-Vlami et al. 2005; Garbeva et al. 2008; Sanguin et al. 2009; Sørensen et al. 2009; Svercel et al. 2009; Zhang and Xu 2008) .
In the present study, it was desired to obtain cultures of sorghum isolates specific for each line for future research in the interaction of sorghum with fluorescent Pseudomonas spp., therefore we chose cultural methods of enumerating microorganisms followed by assessment of each isolate for four traits that may contribute to biological control capabilities as an indication of diversity. When characterizing isolates for production of HCN, location effects were observed for HCN production by root-associated isolates and protease production by soil isolates. HCN production has been implicated in biological control but also can have negative effects on plants (Flores-Vargas and O'Hara 2006; Rezzonico et al. 2007) . Differences in biotic and abiotic factors may affect expression of biocontrol traits, thus, whether HCN or protease production occurred in environments described in the present study may have affected the success of colonization by fluorescent Pseudomonas spp. carrying these traits at different times in the growing season (Duffy et al. 2004) . phl isolates were identified from roots and plot soil from RTx433 plants at Lincoln and from plants of both genotypes at Ithaca. There possibly may have been a genotype (P=0.13) or genotype × location (P=0.19) effect on percent of pseudomonads with phl on roots or in soil, respectively (P≥0.39 for location effects). PCA, which does not have a cosmopolitan distribution as phl (Raaijmakers et al. 1997) , also was found in Ithaca soil planted with Redlan. It appears that a combination of sorghum genotype, soil and environmental factors may be influencing the composition of fluorescent Pseudomonas populations (Doran et al. 1998; Mazzola and Gu 2000) .
Fusarium spp. within the G. fujikuroi species complex (formerly known as F. moniliforme) includes several pathogens of sorghum (Leslie et al. 2005) . Species within this complex, F. thapsinum, F. verticillioides or F. proliferatum can cause seedling diseases and stalk rots (Huang and Backhouse, 2005; Leslie et al. 2005; Petrovic et al. 2009 ) or infect asymptomatically and may result in systemic infection of grain (Leslie et al. 1992; MurilloWilliams and Munkvold 2008) . Alternaria spp. are also commonly isolated from sorghum grain (Funnell and Pedersen 2006) . Fusarium stalk rots can cause lodging and reduce yield (Tesso et al. 2005) while grain infections by Alternaria spp. and G. fujikuroi can reduce quality and perhaps result in toxincontaminated grain (Audilakshmi et al. 2007; Leslie et al. 2005; Murillo-Williams and Munkvold 2008) . Thus, prevalence of these fungi on sorghum roots and in field soil is of great interest. In the present study, sorghum genotype also influenced fungal population structure in rhizospheres. Culturable fungi and oomycetes associated with roots and soil were screened using three media with different selectivity. One-fifth strength PDA with amendments allowed confined growth of fungal and oomycete colonies and prevented bacterial growth. DCPA and PCNB were semi-selective for Alternaria (DCPA) and Fusarium spp. (DCPA and PCNB). Identification of G. fujikuroi isolates from DCPA and PCNB showed that the mean percentages were significantly greater on Redlan roots than on RTx433 roots. At the roots, a balance of pathogens with beneficial microorganisms, including those producing compounds antagonistic to fungi, may prevent infection (Dubuis et al. 2007; .
Cultural techniques for enumerating microorganisms allowed for organisms of interest to be in-hand for future investigations. But, culture media only provided snippets of information of actual microorganism populations in the soil, or associated with roots. Each medium is a new environment for root-or soil-associated populations which benefits some microorganisms and challenges others (Dunbar et al. 1997) . Thus, use of media for enumeration of microorganisms provided a relative basis of comparison since only culturable microorganisms were examined. Comparisons between DCPA and PCNB, originally formulated to select for Fusarium spp. (Andrews and Pitt 1986; Nash and Snyder 1962) , could be made in this study since fungi from each suspension were selected on both. For numbers of fungal colonies growing on each medium, there were no significant differences with regard to location when considering root (P≥0.43) or soil (P≥0.62) suspensions. Approximately 38% of colonies sub-cultured from DCPA or 62% of the sub-cultured colonies from PCNB were Fusarium spp. (numbers were similar for root and soil suspensions). In a study testing several semi-selective media, Bragulat et al. (2004) selected fungi from suspensions of contaminated grain and feed samples and found that approximately 18% of colonies were Fusarium spp. on either DCPA or PCNB. In the current study, higher percentages of Fusarium spp. obtained from these media may have been due to the type of natural samples (roots or soil) or to the subsampling process.
The two studies described in this work utilized sorghum genotypes with different levels of sorgoleone production, planted in two different soils and assessed for soil and root microorganisms associated with each genotype. The results, taken together, provide evidence that sorghum genotype contributes to determining the composition of microorganism populations. But they also indicate that plant age, soil and environment are involved in this process, an exciting but challenging conclusion for further research. During seedling cycling, there were similar effects in the two modestly different soils on fluorescent Pseudomonas spp. numbers during later cycles. However, during the field study, the effects of plant genotype on fluorescent Pseudomonas numbers were evident throughout the growing season on roots, but not in soil, and only under dryland conditions. These seemingly contradictory results both highlight the effect that roots of each genotype have on microorganism populations. Under the experimental conditions of seedling cycling, there was a visible build-up of root debris in the soil in cycles 2 through 4; this debris may have had a greater effect on microorganism populations than roots of growing seedlings. In field culture using annual rotation with soybean, there would have been little or no sorghum debris in the soil at planting, and little root debris would have built-up in the soil during the growing season. Therefore, the rhizosphere appeared to exert a stronger influence. Further research into sorghum genotype-specific rhizosphere microorganism interactions is greatly needed.
